In order to facilitate further studies of water in the interstellar medium, the envelopes of late-type stars, jets, and shocked regions, the frequencies of 17 newly measured transitions between 0.841 H 2 16O and 1.575 THz are reported. A complete update of the available water line frequencies and a detailed calculation of unmeasured rotational transitions and transition intensities as a function of temperature are presented for the ground and state levels below 3000 cm~1 of excitation energy. The new l 2 \ 1 terahertz transitions were measured with a recently developed laser di †erence frequency spectrometer.
INTRODUCTION
Among the over 100 molecules now detected in the interstellar medium, water retains a special signiÐcance. Its strong dipole moment allows water vapor to contribute substantially to the cooling of interstellar gas over an extraordinary span of densities and temperatures, while its hydrogen bonding capabilities give it "" universal solvent ÏÏ properties, allowing it to exist in a liquid or solid state over a wide range of physical conditions. Thus, from a dynamical point of view, it plays a critical role in the chemical and physical evolution of galaxies, from young stars in dense molecular clouds to late-type stars or brown dwarfs. For a compositional point of view, water ice is the dominant component of volatile grain mantles in dense molecular clouds as well as planetesimals in the outer regions of the solar system. The so-called habitable zone, where existence of life as we know it is possible, is restricted to regions around stars in which terrestrial planets can maintain liquid water on their surfaces over geological timescales (Kasting, Whitmire, & Reynolds 1993) . Because of such ubiquitous importance, the observation and characterization of water spectra have been intensely pursued in the astrophysical community, despite severe difficulties.
Observation of extraterrestrial water vapor has always posed a major experimental challenge because of its abundance in the atmosphere. Indeed, water vapor gives rise to most of the tropospheric atmospheric opacity from the millimeter-wave to far-infrared spectral region, and the need for low concentrations of atmospheric water is the primary selection criterion for the Atacama Large Millimeter Array (ALMA) and South Pole submillimeter sites (Radford & Holdaway 1998 ; Matsuo, Sakamoto, & Matushita 1998) . Despite the low precipitable water columns at these sites, there are still large regions of completely inaccessible frequencies because of atmospheric absorption. For observations from the Stratospheric Observatory For Infrared Astronomy (SOFIA), the problem is less severe because of the increased altitude ; however, direct studies of the strongest transitions are still precluded by the atmosphere. This problem is particularly acute for the low-lying groundstate transitions now known to dominate interstellar spectra.
In spite of the observational difficulties, a number of water transitions, both from the parent isotopomer and from isotopically substituted species such as and H 2 18O HDO, have been observed from the ground and from the Kuiper Airborne Observatory (KAO). More recently, a large number of water transitions have been observed both in emission and absorption by spectrometers on board the Infrared Space Observatory (ISO ; e.g., Neufeld et al. 1996 ; Liu et al. 1996) . Two small observatories, NASAÏs Submillimeter W ave Astronomy Satellite (SW AS) and the Swedish Space CorporationÏs Odin, are beginning service with the primary mission goal of each being observations of the 557 GHz water fundamental (Melnick 1993 ; Melnick et al. 1996) . On longer timescales, the Far-Infrared Space T elescope (FIRST ) mission o †ers the potential for detailed studies of large numbers of water lines, including the major-ity of those presented here, free of the usual atmospheric restrictions. The recently launched and future observatories are anticipated to dramatically increase our understanding of the chemical composition, temperature, density, and cooling of the interstellar mediumÈprovided that sufficiently accurate spectral information is available, either through theoretical predictions or Ðtting of experimental data, to enable analysis of observational data.
Prediction of water transitions with the kind of accuracy required for heterodyne observations remains an elusive goal. A number of authors have attempted a wide variety of analysis techniques with limited success. Unfortunately, where extrapolation of previously reported microwave data to higher J and values is required, none of these methods K a have enabled microwave accuracy predictions. The current state of the art in the calculation of water frequencies is to use a potential energy surface based on ab initio calculations (Partridge & Schwenke 1997) . Several di †erent methods of generating ab initio line lists have been developed (Viti, Tennyson, & Polyansky 1997) , and they have proven useful in assignment of the sunspot spectrum Polyansky et al. 1997a Polyansky et al. , 1997b . Under favorable conditions, the ab initio accuracy appears to be better than 0.01 cm~1. This translates to errors of several hundred megahertz in the pure rotational line frequencies, which is insufficient for heterodyne astronomy requirements. However, there is considerable hope that additional high-resolution data, especially in the state, will eventually facilitate the accurate predicl 2 \ 1 tion of high J and transitions at submillimeter fre-K a quencies. For the present time, it is still necessary to utilize Ðts to observed data for an accurate determination of the water vapor pure rotational spectrum.
Two distinct methods for Ðtting experimental water spectra have been proposed and demonstrated in the literature : (1) e †ective approaches to the rotational Hamiltonian, such as series (Burenin et al. 1983 ; Burenin & Pade Tyuterev 1984) , Borel approximates (Polyansky 1985 ; Belov et al. 1987) , and generating functions (Tyuterev 1992 ; Starikov, Tashkun, & Tyuterev 1992 ; Mikhailenko et al. 1997) ; and (2) a potential function that describes one or more vibrational degrees of freedom (usually the bend) is combined with an e †ective Hamiltonian that addresses the remaining degrees of freedom (Jensen 1989 ; Coudert 1992 Coudert , 1994 Coudert , 1997 Lanquetin, Coudert, & Camy-Peyret 1999) . The best results will most likely emerge from the application of the second method using a version of the Partridge & Schwenke (1997) potential surface, empirically modiÐed to reproduce the highest observed levels (e.g., Csaszar et al. 1998) , and an e †ective Hamiltonian Ðt to the experimental data to secure the extra precision needed. The largest of these calculations have managed to reproduce the observed data to close to experimental accuracy, but they have not yet managed to achieve the accuracy needed for predictions of unobserved higher J and transitions to heterodyne K a resolution (Coudert 1997) . Some of the disparity is clearly due to the relatively small number of very high precision terahertz measurements in these previous works, especially in the state. Over the last few years a number of l 2 \ 1 high-resolution far-infrared and infrared studies have been carried out, greatly improving the quality of the available water line data. In this paper the ground and state l 2 \ 1 water spectra have been reanalyzed with a nonÈpower series e †ective Hamiltonian. This approach has reproduced the data to within a factor of 2 of the experimental precision and pointed out a number of potential problems with the existing data set.
The other difficult problem in water spectroscopy is the accurate prediction of relative and absolute line intensities. The current wisdom is to use a power series expansion of the dipole moment tensor (Suhm & Watts 1991 ; Shostak, Ebenstein, & Muenter 1991 ; Mengel & Jensen 1995 ; Coudert 1997 ; Toth 1998) . The most recent dipole expansions are in good agreement with the observed data for J \ 15. However, the dipole expansion has yet to be applied to highly excited levels and is therefore likely to su †er from the same problems as the energy level calculations. As a result, little is known about how well these dipole expansions will predict intensities at larger rotational quantum numbers. Calculation of the intensities for the low-lying rotational transitions in the microwave region should be good to better than 5% with the two most recent dipole expansions. The greatest deviations from the predicted intensities are expected in the higher J transitions with
In the intensity calculations presented here, the *K a [ 3. measured dipole moment parameters of and have been used along with the planarity conditions as described by Watson (1971) in a computational method developed by Camy-Peyret et al. (1985) .
The precision measurements of additional tran-H 2 16O sitions should facilitate their astronomical observation in addition to supporting e †orts in developing better molecular models for the calculation of the energy levels and transition intensities. The measurements reported herein are among the Ðrst acquired with a new spectrometer system that uses optical-heterodyne conversion to generate terahertz radiation. The outstanding tuning capability of this spectrometer should facilitate the precision measurement of a variety of species in the 0.3È3.0 THz region in support of FIRST and SOFIA. The transition list reported by Pearson et al. (1991) is also updated to include the large number of high-accuracy measurements made over the last few years. The calculations presented represent the state of the art, and they should be sufficient for all far-infrared astronomical observations except those of the hottest and most highly shocked regions and prove useful in planning the terahertz heterodyne receiver science programs for FIRST and SOFIA.
EXPERIMENTAL
The experimental measurements were carried out with a three-diode laser di †erence-frequency spectrometer, an outline of which is presented in Figure 1 . Laser 1 is locked, using a Pound-Drever-Hall approach (Pound 1946 ; Drever et al. 1983) , to a temperature stabilized ultralow expansion (ULE) Fabry-Perot etalon. Laser 2 is Pound-Drever-Hall locked to the same etalon a large integer number of free spectral ranges away, and laser 3 is o †set locked to laser 2. This o †set frequency is controlled by a tunable 2È6 GHz microwave synthesizer. Beating simultaneously ampliÐed signals from lasers 1 and 3 in a low-temperatureÈgrown GaAs photomixer coupled to a planar submillimeter antenna (Verghese, McIntosh, & Brown 1997) generates the terahertz di †erence frequency. The free spectral range of the etalon was calibrated to 5 parts in 108 by measuring all CO pure rotational lines from 230 to 1611 GHz. A detailed FIG. 1 .ÈSchematic outline of the LTG-GaAs terahertz photomixer spectrometer. In this three-laser system, lasers 1 and 2 are locked to di †erent longitudinal modes of a single ultralow thermal expansion coefficient reference cavity and laser 3 is phase locked to laser 2 with a tunable microwave source. Lasers 1 and 3 are used to form the tunable terahertz beat note.
description of this laser system and the calibration method can be found elsewhere (Matsuura et al. 2000) . The measurement accuracy is currently limited by the uncertainty in the free spectral range, a small residual in the lock loops, and the accuracy of determining the center of the transition. The line width of the spectrometer is MHz (the tera-[1 hertz frequency stability is considerably better), enabling Doppler-limited resolution to be obtained. As a result, the expected measurement accuracy is calculated to be of order 250 kHz for a 1 p measurement. The ground state 4 2, 2 È3 3, 1 transition was remeasured as a veriÐcation of the spectrometer calibration. Our observed value of 916171.270 MHz agrees within the expected 250 kHz experimental error with both the 916171.582 (150) harmonic generation value reported by Helminger, Messer, & De Lucia (1983) and the 916171.405 (13) laser sideband value reported by Matsushima et al. (1995) .
Initial predictions were made from energy levels calculated by Toth (1998) and from previous uncalibrated backward wave oscillator measurements (S. P. Belov 1996, private communication) . The water sample was reagent grade and required no further processing. Measurements were made in a single pass 1.6 m long cell under slow continuous Ñow conditions at pressures of approximately 100 mtorr. A 1.8 K composite-silicon bolometer was used to detect the tunable terahertz radiation. The source was chopped at 100 Hz, and second-harmonic lock-in detection was used to record the line proÐles. Forward and backward scans were averaged to eliminate the lock-in time constant drift, while the line centers were determined by either Ðtting a parabola to the peak of the observed transition or by taking the midpoint between the half-intensity frequencies.
Signal-to-noise ratios for the observed lines ranged from 10 to Several measurements of each line were made for Z500. consistency.
All the measured transitions fell within the experimental errors expected from the combination di †erences derived by Toth (1998) . The agreement with the uncalibrated measurements by S. P. Belov (1996, private communication) is better than 1 MHz in all cases, suggesting that all of these uncalibrated measurements are accurate to this level. Table  1 presents the results of this study along with the expected positions from Toth (1998) and the uncalibrated measurements by S. P. Belov (1996, private communication) . Clearly, all the reported transitions agree extremely well with the energy levels calculated by Toth (1998) . This was expected since a series of combination di †erence calculations with our measurements and those by Matsushima et al. (1995) used in the Toth (1998) compilation closed to within experimental accuracy. Table 2 is a set of measurements by Pearson (1995) compared to the energy levels from Toth (1998) È3 3, 1 transitionÈagree to within the experimental uncertainty. The reason for the large deviation of the tran-4 2, 2 È3 3, 1 sition is unclear and a cause for some concern. The 17 transitions measured as a part of this work, the two reported by S. P. Belov (1996, private communication) , and the nine by Pearson (1995) have not appeared in the widely published literature. Table 3 presents a list of all the reported microwave accuracy measurements for below 4 H 2 16O THz and also includes the observed minus calculated fre- Toth (1998) is given as well.
ANALYSIS
The experimental data used in the analysis included the following. Table 3 . These cover a range of J and values to 17 and 9, respectively. K a The measurements by Matsushima et al. (1995) were assumed to have an experimental accuracy of 150 kHz. This was derived from a series of arithmetic calculation of residuals around closed loops of four transitions and is consistent with 5% of the FWHM of a water line proÐle at these frequencies.
The microwave transitions reported in
2. The term values listed by Toth (1998) and Polyansky et al. (1997b) In the event of repeated measurements, the value used in the Ðt was the microwave frequency or the most recent infrared measurement. The model used was a nonÈpower series e †ective Hamiltonian related to both the Series Pade and the generating functions discussed in the introduction (°1). The details of the calculation and the model will be presented in an appropriate forum elsewhere (Pearson et al. 2000 , in preparation). The reduced rms of the Ðt [reduced rms \ absolute rms (MHz)/experimental error (MHz)] was 1.98 if all the data were forced into the Ðt and 1.61 if the Ðt were allowed to reject 13 of 3992 lines and energy levels.
Reduced rms values of 1.78 and 1.41 were achieved with a slightly reduced data set, with the same exact same 13 lines being rejected in the reduced analysis. It is interesting to note that the majority of the rejected transitions (a total of eight) involved the level of the state and that 15 6, 10 l 2 \ 1 the deviations were all of the same direction and magnitude to much better than the experimental accuracy, suggesting either a Ðtting artifact or a local perturbation. Because of the form of these deviations, the results presented here are from a Ðt in which all the transitions were forced into the calculation.
An analysis of the Ðt residuals shows that the measured transitions Ðt to nearly the experimental error and that much of the observed error is in energy levels derived by combination di †erence. This is especially true at the K a values above those of the measured lines (e.g., K a [ 16). These energy levels were determined entirely by series of R (*J \ [1, branch transitions and have uncer-*K a \ [1) tainties given by the cumulative measurement error going back to the Ðrst quantum level at which multiple combinations are possible. Lanquetin et al. (1999) has recently addressed the data in detail. For levels where high-K a K a there are combination di †erences (up to to verify K a \ 12) the reported experimental uncertainty, this calculation reproduces those levels to better than the reduced rms except in a few (13) isolated cases.
The intensity calculations used a Watson A-like constant set and a Ðxed S-like constant determined from the pland 2 arity conditions. The Ðxed constant can be removed, d 2 Matsushima et al. 1995. however, and quality of the Ðt is largely unchanged. Higher order contributions to the dipole were calculated using the procedure presented by Camy-Peyret et al. (1985) . The intensities generated by these calculations were compared to those found by Toth (1998) at 296 K and were found to be in reasonable agreement for all transitions changing K a by 1 or 3. Since the dipole expansion used does not include the planarity conditions for the P6 and higher order terms, transition intensities for will not be correct. Large *K a [ 3 deviations do in fact exist between the measured intensities and the calculated values, but such transitions are not important in the terahertz region. Table 4 contains a listing of all of the water rotational transitions below 4 THz and 3000 cm~1 of total energy. It includes the calculated frequency, the calculated uncertainty in the line position, the values, the lower and xS ba k2 upper state energies state energies, and the factors (e~E {{ @kT at 50, 200, 800, and 1500 K. The error in the [ e~E { @kT) calculation frequency assumes that the reduced rms of the Ðt is 1 ; since it is nearly 2, the error quoted is approximately 0.5 p. The partition function determined as a function of temperature by a sum over all states up to J \ 23 is listed in Table 5 . It does not include contributions for higher J states or the next higher set of vibrational levels. At temperatures above 500 K, these levels will begin to contribute signiÐ-cantly, and by 1500 K they must be included if accurate values are to be determined. To Ðrst order, the partition function can be corrected by separating the vibrational part of the partition function and calculating a correction factor. A Ðrst-order correction for the vibrational states, (020), (100), (001), (030), (110) and (011), all of which have rotational levels below the energy considered in the rotational part of the calculation, is also given in Table 5 . Multiplication of the rotational partition function given by the correction factor will give a better estimate of the true partition function at high temperatures, but it will not take care of contributions from higher rotational states. A full calculation, including the band, will be placed in the JPL spectral line l 2 catalog on the World Wide Web.1 A graphical summary of the local thermodynamic equilibrium (LTE) line intensities at various temperatures for a Ðxed column density is presented in Figure 2 . By 1500 K the majority of the lines are within a factor of a few in intensity, and the strongest lines are from states that are relatively weak at room temperature and almost unpopulated at typical dense molecular cloud temperatures. It should also be noted that there is a 2 order of magnitude reduction in the intensity of the strongest line.
The LTE line intensities and other parameters can be calculated from the data given on f in Tables 4 and 5 using the following equations :
and
In equation (1), is the line frequency, is the line l ba xS ba strength including the degeneracy factors, k is the dipole moment along the b-axis, E@@ and E@ are the lower and upper state energies, respectively, and is the rotation-spin par-Q rs tition function.
The line frequency and LTE intensity data alone are, of course, insufficient to explain the excitation of water in the interstellar mediumÈespecially the 1594 cm~1 state l 2 \ 1 
